The H 2 S retention with Ca-based sorbents in a pressurized fixed-bed reactor (1 MPa) has been analyzed, obtaining the breakthrough curves with a dolomite and two different limestones, different particle size (+0.8-1.0 mm, +1.25-1.6 mm, and +1.6-2.0 mm), and both at calcining (1173 K) and non-calcining conditions (1123 K). The effect of the stoichiometric time in the breakthrough curves has been analyzed varying the bed length, the gas velocity and the sorbent fraction in the bed. From these results, the conversion and H 2 S concentration profiles in the transition zone and the length of unused bed (LUB) have been determined. H 2 S retention in fixed-bed until concentration close to the given by the thermodynamic equilibrium was obtained using dolomite or limestone at calcining conditions, and dolomite at non-calcining conditions. The results of H 2 S retention in a fixed-bed reactor has been applied to the calculus of the minimum height of a countercurrent moving-bed reactor to obtain the maximum H 2 S retention with the minimum amount of sorbent. A mathematical model was developed to predict the experimental results obtained in the fixed-bed reactor, which was also valid for the design of countercurrent moving-bed reactors for gas desulphurization.
Introduction
In the Integrated Gasification with Combined Cycle (IGCC) process, the sulphur contained in coal reacts in the reducing atmosphere of the gasifier forming gaseous compounds, mainly H 2 S. This gaseous contaminant must be removed prior to combustion of the coal gas to prevent damage to turbine equipment and infringement of emissions legislation. To improve the efficiency of energy production and to reduce the volume of processing vessels, the clean up of the coal gas can be carried out in a high temperature and high pressure process. Several sorbents have been developed to be applied for high-temperature coal gas desulphurization, both synthetic regenerables sorbents, which are relatively expensive but have a long lifetime, and natural sorbents, which are cheap but need to be stabilized before deposition. Among the natural sorbents, those most often used in industrial coal gasification processes are limestone and dolomite. The behaviour of these sorbents depends on the operating conditions.
Under non-calcining conditions, as the existing in a fluidised bed gasifier [1] , the direct sulfidation of the limestone or dolomite takes place. 
Under calcining conditions, as the existing at the gas outlet of a dry entrained bed gasifier [1] , the sulfidation of the calcined sorbents happens.
CaO + H 2 S CaS + H 2 O (3)
CaO·MgO + H 2 S CaS·MgO + H 2 O
The thermodynamic equilibrium of these reactions is given by the following equations [2] : 
A current industrial practice is to add limestone to the fluidized bed gasifier. This achieves successful removal of H 2 S, but requires a significant excess over the stoichiometric quantity of limestone theoretically necessary to attain close-toequilibrium removal of H 2 S and produces large amounts of mixed-limestones/slag-solid waste [3] [4] .
Sulphurous gases are also removed subsequent to the coal conversion process by sorbent injection into the gas stream and/or by gas percolation through an external fixed-or moving-bed of sorbent particles [3] . Sulphur retentions up to 70% with Ca/S=3
were achieved in the injection of Ca-based sorbents in an entrained bed reactor [5] .
However, if the gases obtained in the IGCC process are to be used in a gas turbine, sulphur removal close to the thermodynamic equilibrium would be desirable. Fenouil and Lynn [6] modelled the retention of H 2 S in fixed-or moving-beds at pressures between 0.1 and 3 MPa. The H 2 S removal in fixed-or moving-bed reactors allows the almost complete utilization of the sorbent, reaching H 2 S concentrations at the outlet close to the equilibrium. Moreover, the H 2 S removal in these types of reactors from coal-gas in IGCC systems can be carried out at pressurized conditions, which decreases the energy losses.
A fixed bed must have a length enough to reach H 2 S retention until levels close to the limited by the thermodynamic equilibrium. The fixed-bed will not be operative when the H 2 S concentration in the gas exit stream increases until unacceptable levels for the turbine specifications. At this moment the non-reacted sorbent fraction determines the efficiency in the use of the sorbent. The size of the fixed-bed will be determined by different factors, as the efficiency in the use of the sorbent, the period of operation, the volume of the reactor or the pressure drop in the bed. On the other hand, H 2 S removal in moving-beds has several advantages with respect to the fixed-bed operation. Movingbeds operate in a continuous way with higher sorbent utilization, lower bed length, and do not need heating and cooling steps. The disadvantages of these reactors are mainly based on a more complex control and operation.
However, the experimentation in a fixed-bed reactor at laboratory scale is easier than in a moving-bed. The objective of the present work is the application of the results of H 2 S retention obtained in a pressurised fixed-bed to the design of a countercurrent moving-bed desulfurizer using calcium based sorbents. For that, a mathematical model to predict the breakthrough curves of a fixed-bed reactor at different operating conditions has been developed. The kinetic parameters determined in previous works on desulphurization were used [7] [8] [9] .
Experimental

Materials
Two limestones, "Omyacarb" and "Sástago", and a dolomite, "Sierra de Arcos", were used with narrow particle size intervals between 0.8 and 2.0 mm (+0.8-1.0 mm, +1.25-1.6 mm, and +1.6-2.0 mm). The H 2 S retention has been carried out at noncalcining conditions with raw limestones and half-calcined dolomite and at calcining conditions. Table 1 shows the chemical analyses and physical characteristics of these sorbents. "Sástago" limestone is a Spanish sorbent characterized by their high porosity and reactivity.
Experimental system
A pressurized fixed-bed reactor was used to analyze the hot coal-gas desulphurization with calcium-based sorbents at temperatures in the range of 1123-1173 K and 1 MPa of total pressure. Fig. 1 shows a schematic diagram of the experimental set up, that was composed of a gas feed system, a pressurized fixed-bed reactor, and a gas analysis system by gas chromatography.
The H 2 S retention was performed inside a Kanthal reactor tube (0.027 m I.D., 1.4 m length) to prevent corrosion problems. The reactor was allocated inside a furnace with three independent heating zones to avoid longitudinal profiles. A thermocouple, located inside a Kanthal tube, could be longitudinally moved to know the temperature along the reactor. In the experimental conditions there was an isothermal zone of 1 m length. The reactor pressure was controlled by a pressure valve located at the gas exit line.
The reacting gas was obtained by mixing N 2 , CO 2 , CO, and H 2 which were controlled by specific mass flow controllers. The H 2 O content was obtained by complete evaporation of a constant flow rate of water proceeding from an overpressurized (1+0.2 MPa) deposit. The H 2 S was added in a zone near to the gas inlet point located at the upper part of the reactor. The H 2 S concentration at the inlet or exit gas line was measured by a Varian Star 3400cx gas chromatograph with a sulphur specific flame photometric detector (FPD) in a semi-continuous way at 1 min. intervals.
Procedure
A homogeneous mixture of sorbent and silica sand was introduced into the reactor to reach the desired bed height. The porosity of the fixed bed ( fb ) was normally 0.4.
Silica sand (>99% SiO 2 ) with the same particle size intervals was used as inert and diluting material in the fixed bed. The silica sand does not react with H 2 S, and it was used to increase the bed length without an unnecessary increase of the experimental time. In this way, it was avoided random maldistribution of the gas flow and it were reduced the errors in the conversion longitudinal profiles obtained.
The desired temperature and pressure were reached with a gas flow composed by the reacting mixture without H 2 S. At calcining conditions, this flow was maintained until the complete calcination of the sorbent. Once the operating conditions were stable, the H 2 S was introduced. The breakthrough curve of the fixed bed was obtained from the measurements of the H 2 S concentration at the gas exit.
To obtain the solid conversion profiles along the fixed-bed, some experiments were stopped before reach the breakthrough point and cooled in nitrogen. Several solid fractions were extracted at different bed heights after reactor depressurization and cooling. Each solid fraction was completely sulfided in a small quartz fixed-bed installation to obtain by difference the solid conversion reached in the fixed-bed reactor.
Experiments
The H 2 S retention in a fixed-bed was carried out at 1 MPa of total pressure, and two different temperatures (1123 K, and 1173 K) corresponding to non-calcining and calcining conditions, respectively. The reacting gas was composed by 0.5 vol % H 2 S, 6
vol % CO 2 , 3 vol % CO, 5 vol % H 2 , the necessary H 2 O to reach the water gas shift reaction equilibrium, and the balance was N 2 . The calcination temperature at these conditions was 1135 K. 
where X e corresponded to the effective conversion obtained by the sorbent at the operating conditions.
A checking of the gas analysis system was previously done to detect the effect of the gas dispersion on the experimental system. The introduction of a known H 2 S concentration as a step function (up to 5000 vppm) into the reactor allowed the detection of the same function at the gas analysis system. Moreover, the calculus of the axial dispersion coefficient, D/uL, gave values about 10
for the experimental system.
According to Levenspiel [10] , the flow in the system can be considered as plug flow with values of this parameter below 10 -2 .
Reactor Model
The mathematical model used to describe the desulphurization process in a fixedbed reactor with calcium-based sorbents assumed a homogeneous and isothermal bed, and plug flow conditions for the gas phase with no axial or radial dispersion. A sulphur mass balance on a differential cross-section of the bed yields:
The z coordinate indicates the axial position in the bed, with z=0 at the gas inlet point, i.e., the upper limit of the bed. This equation was solved with the following initial and boundary conditions, respectively:
The changing grain-size model (CGSM) proposed by Georgakis et al. [11] was used to calculate the average particle reaction rate   S r -. This model was previously used to determine the kinetic parameters of the sulfidation of calcined sorbents and the direct sulfidation reactions at 1 MPa of total pressure for the sorbents used in this work [8] [9] . Table 3 summarizes the kinetic parameters obtained in these works for the different reactions. The effect of total pressure on the reactions was considered through changes in the pore diffusivity and in the product layer diffusivity. The resistances to the global reaction considered in the CGSM were the external mass transfer, the pore diffusion, the product layer diffusion, and the chemical reaction. The reaction takes place all over the particle, although inner conversion profiles can exist due to the pore diffusion resistance. The local reaction rate was calculated introducing the (C H 2 S -C H 2 S,eq ) term to consider the reversibility of the reaction, which becomes increasingly important as the level of H 2 S approached to its equilibrium value. The average reaction rate in the particle,   S r -, was calculated by integration of local reaction rates. The reaction rate was a function of the solid conversion and the gas concentration. Therefore, the average reaction rate depended on the time and the axial position in the bed.
The differential mass balance in the reactor (eq 8) was solved together with the particle reaction model to obtain the breakthrough curve and the evolution with time of the longitudinal profiles of gas concentration and solid conversion through the bed. The model was solved using the finite differences method, considering differential elements of height z, and starting from the gas inlet point. The model solution gave the evolution with time of the solid sulfidation conversion and the H 2 S concentration at each differential element.
Results and Discussion
The breakthrough curves corresponding to the H 2 S retention with different Cabased sorbents (two limestones and one dolomite) were obtained in a pressurised (1 MPa) fixed-bed reactor at different operating conditions. These results have been compared with the predictions of the model.
Analysis of the stoichiometric time
The stoichiometric time depends on the length of the fixed bed, L 0 , the gas velocity, u g , and the fraction of sorbent, f w,s , among other variables (see eq 7). The effect that produces the variation of any of these variables in the breakthrough curves is analyzed below. 
where t c was the time in which the outlet concentration from the fixed-bed was equal to that at the inlet, C H 2 S,in . The effective conversion of the sorbents, X e , in the fixed bed was calculated by comparison of the experimental results (eq 11) and the theoretical predictions (eq 7) for the stoichiometric time. It was found that, at these operating conditions, the dolomite reached a full conversion (X e =1) while the effective conversion for the limestones was of 0.85. These results are in full agreement with the obtained in previous works about desulphurization working with the same sorbents at 1 MPa and with a particle size of +0.8-1.0 mm, where the sorbent sulfidation was extremely slow at conversions higher than 0.85 and could be considered negligible [8] .
The breakthrough curves did not appear like a step function because the reaction rate was finite. The H 2 S concentration increased from the equilibrium concentration to the inlet concentration during a time interval between the breakthrough time (t b ) and t c .
In this case, the H 2 S retention inside the fixed-bed took place in the transition zone, which had axial profiles of gas concentration and sorbent conversion. The length of this zone, L t , was calculated with the following equation:
The fraction of the unused sorbent in the transition zone was calculated from:
where the length of un-used bed, LUB, was
From the shown breakthrough curves in Figure 2 it was obtained that the length of the transition zone (eq 12) was of 6.4 cm, and the fraction of unused sorbent in the transition zone (eq 13) was 0.5, for dolomite and the experimental conditions given in the experiments E1, E2, E3, and E4.
In 
In Fig. 2 also are shown that the breakthrough curves predicted by the model showed a good agreement with the experimental results. Fig. 3 shows the breakthrough curves obtained with different gas velocities for the dolomite at calcining conditions.
The breakthrough curve appeared at longer times as the gas velocity decreased. The shape of the breakthrough curves was the same except in the breakthrough curves obtained with a gas velocity of 21 cm/s, which was wider due to effect of the axial dispersion. According to Froment and Bischoff [12] , the axial dispersion must be considered in a fixed-bed when the transition zone became lower than 50 times the size of the individual particles, in this case L t ≈5 cm. This situation only happened in the experiment E5 (u=21 cm/s). On the other hand, it was observed that a variation of the gas velocity in the different experiments did not modify the shape of the breakthrough curve, indicating that the mass transfer resistance in the gas film was not important.
The sorbent fraction in the fixed-bed was analyzed in the experiments E2, E8, E9, and E10. The breakthrough curves were similar to the obtained with different gas velocities. In this case, an increase in the sorbent fraction had the same effect than a decrease in the gas velocity.
According to eq 7, it is possible to vary two or the three of the variables (L 0 , u g , f w,s ), in such a way that the stoichiometric time remain constant. In Fig. 4 From the above results, it can be concluded that for a given operating conditions (P, T, C H2S , type of sorbent, dp, etc.), if the axial dispersion in the bed and the mass transfer resistance in the gas film are not important, the breakthrough curves obtained with different lengths of bed, gas velocity and sorbent fractions have the same shape.
Therefore, anyone of them can be obtained from other one, with the precaution to fulfil the global mass balance to obtain the corresponding stoichiometric time.
Effect of the operating conditions and sorbent type
Fig . 5 shows the breakthrough curves obtained both at calcining (E4) and noncalcining conditions (E12), with the three sorbents used in this work for a particle size of +0.8-1.0 mm. At calcining conditions, it was observed that the breakthrough point appeared at longer times for dolomite than for limestones, because the dolomite reacted until the complete conversion (X e = 1) while the maximum conversion attainable with the limestones was 0.85. The shape of the breakthrough curves obtained with the dolomite and the "Sástago" limestone was similar to each other, whereas the breakthrough curve obtained with the "Omyacarb" limestone was wider. This was because the dolomite and the "Sástago" limestone have similar reactivity, whereas the "Omyacarb" limestone is much less reactive [8] . This means that the sorbent fraction that cannot be used will be greater with this limestone that with the other sorbents.
When the H 2 S retention was made at non-calcining conditions, a different behaviour was observed depending on the sorbent type (see Fig. 5 ). The desulphurization of the gaseous stream with dolomite was possible until H 2 S concentrations close to the thermodynamic equilibrium, with a high use of the sorbent (X e = 85%). The breakthrough curve was similar to that obtained at calcining conditions because the reactivity in both cases was similar. On the contrary, the H 2 S retention with limestones was not effective and the breakthrough curve appeared almost immediately.
The solid conversion obtained in this case was very low for both limestones (≈ 5%), which agree with the results obtained by other authors at non-calcining conditions [4, 9, 13-15].
Effect of the particle size
Some experiments (E13 and E14) were made with three particle size intervals:
+0.8-1.0 mm, +1.25-1.6 mm, and +1.6-2.0 mm. Fig. 6 shows the breakthrough curves obtained for the "Sástago" limestone at calcining conditions. The breakthrough curve was wider as the particle size increased. This fact was because, when increasing the particle size, the sulfidation reaction rate decreased and the transition zone and the length of unused bed increased.
A similar effect of particle size on the breakthrough curve was observed with the other sorbents. In all cases, the model predicted adequately the effect of the particle size in the breakthrough curve, as can be observed in Fig. 8 for the H 2 S retention with the "Sástago" limestone.
Application to the design of a moving-bed
As previously mentioned, the operation in moving-bed reactors presents several advantages with respect to a fixed-bed. Nevertheless, both types of reactors present certain similarities. The shape of the breakthrough curve obtained in a fixed-bed reactor is closely related to the concentration profile obtained in a countercurrent moving-bed for which X in =0, X out =X e , and C H 2 S,out = C H 2 S,eq .
In a fixed-bed, the variation of H 2 S concentration with the height in the transition zone can be calculated from its breakthrough curve. For that, the time scale in which a breakthrough curve is plotted can be transformed into a length scale by means of the displacement velocity of the transition zone, u t . The axial coordinate in the transition zone of a fixed-bed where a determined concentration exists, z| C , was obtained from the time in the breakthrough curve in which it appears that concentration, t| C :
The axial coordinate in the fixed-bed was defined as z t = 0 at the gas inlet to the transition zone and z t = L t at the outlet. In the case of a countercurrent moving-bed reactor, the transition zone remains stationary during operation, whereas the solid go downwards through the bed. The solid velocity can be calculated from a global mass balance in the moving-bed reactor.
If X in = 0, X out = X e , C H 2 S,out = C H 2 S,eq , and the bed porosity is the same, the downwards velocity of the solid in a moving-bed (eq 17) is equal to the displacement velocity of the transition zone in a fixed-bed (eq 15). At these conditions, the H 2 S concentration profile obtained from the breakthrough curve with eq 16 should be the same to the existing in a moving-bed reactor. To verify this fact, the results obtained in the fixed-bed reactor have been compared with the obtained in a moving-bed reactor in previous works [16] [17] . Fig. 7 shows the concentration profiles for the transition zone corresponding to the operating conditions given in the experiment E13 and with a particle size of +1.6-2.0 mm, both the obtained from the experimental breakthrough curve and the predicted from the fixed-bed reactor model. This Figure also shows the concentration profile corresponding to a countercurrent moving-bed working at the same operating conditions (operating conditions given in E13 with a particle size of +1.6-2.0 mm, and  mb =0.4) and for X in = 0, X out = X e, C H 2 S,out = C H 2 S,eq [16] [17] . The downward solid velocity at these conditions was u sol = 25 cm h -1 , which was the same to the displacement velocity of the transition zone in the fixed-bed, u t , calculated from eq 15. For the three sorbents used, both the fixed-bed and the moving-bed concentration profiles were nearly the same, although the transition zone corresponding to "Omyacarb" limestone was longer than that of the "Sástago" limestone and dolomite.
The concentration profiles obtained with eq 16 shown in Fig. 7 were also verified with the conversion profiles experimentally obtained in the fixed-bed reactor at a time previous to the breakthrough point, when the transition zone was in an intermediate location of the bed. On the other hand, the conversion profiles were also obtained from the breakthrough curves in fixed-bed using the equation proposed by Fenouil and Lynn [6] , modified to consider X e , which gave the relationship between C H 2 S and X at any point of the transference zone operating conditions used were the given in E13 with a particle size of +1.6-2.0 mm and a reacting time of 60 min for dolomite and "Sástago" limestone, and 85 min for "Omyacarb" limestone. A good agreement between both profiles was observed. The effective sulfidation conversion reached by the sorbents was of 85%. As above commented, at higher conversions the reaction rate was very slow and could be considered negligible [8] .
The most effective hot-coal gas desulphurization obtained in a moving-bed was under countercurrent configuration and with an effective Ca/S molar ratio equal to the unity [16] [17] , which corresponded to the conditions: X in = 0, X out = X e, C H 2 S,out = C H 2 S,eq .
To obtain the maximum H 2 S retention with the minimum sorbent consumption, the length of the countercurrent moving-bed must be at least the length of the transition zone. As above showed, this length can be obtained from the breakthrough curves obtained in a fixed-bed reactor at the same operating conditions, setting up the basic conditions for the design of a countercurrent moving-bed desulphurizer.
Conclusions
The H At the same operating conditions, the H 2 S concentration profiles determined in the fixed-bed reactor agree with the obtained during the H 2 S retention in a countercurrent moving-bed, for which X in = 0, X out = X e , and C H 2 S,out = C H 2 S,eq . Therefore, the height necessary to get H 2 S concentrations close to the thermodynamic equilibrium at the outlet of a moving-bed desulphurization reactor can be derived from the breakthrough curve data of a fixed-bed reactor. 
